Non-point source (NPS) contamination in the context of surface and ground water interaction was investigated in the Elbow River, Alberta, Canada. Groundwater flow direction, water table elevation, baseflow recession, chloride, nitrate and microbiological measurements were made to determine the interaction of several small tributaries and a small hamlet with Elbow River-associated groundwater. Groundwater flow in the alluvial aquifer adjacent to the Elbow River is predominantly subparallel to the river, but can vary seasonally by as much as 30°. Bedrock constricts the alluvial aquifer downgradient of the tributaries and the hamlet, causing groundwater to emerge into the Elbow River at this point. Chloride mass flux estimates suggest that septic effluent from the hamlet enters the groundwater immediately downgradient of the hamlet and discharges to the river from 5 to 12 km downgradient. A tributary creek which joins the Elbow River just above the bedrock constriction also contributes significant chloride to the river, and had significantly higher bacterial loads than the Elbow River, suggesting that land uses on this creek are also a significant source of contamination. Geologic sources, cattle grazing on the alluvial aquifer, road salting, golf course fertilizer use and wildlife are also potential contaminant sources.
During seasonal mountain runoff, stream discharge can increase by as much as several orders of magnitude. This seasonal variation in river discharge can cause rapid increases in the adjacent groundwater table with associated groundwater recharge by river water in a process known as 'bank storage' (Todd 1955; Winter et al. 1998) . As the river returns to base flow, bank storage water re-enters the river, with potential river water quality impacts from indirect sources (Fryar et al. 2000) .
Baseflow is the water that sustains river discharge during the winter months. Baseflow recession analysis is a technique used to estimate the baseflow component of the stream hydrograph. This estimate of baseflow has also been used to estimate groundwater storage for any given year (Butler 1957; Meyboom 1961a; Farvolden 1963; Freeze and Cherry 1979; Domenico and Schwartz 1990; Eberts and George 2000) . Baseflow recession analysis separates one component of stream discharge, baseflow, from the other two main components, direct runoff and interflow. Direct runoff and interflow water from mountain melt have short or no residence time as alluvial water.
Early baseflow is predominantly bank storage water that has recently become part of the shallow groundwater flow system (Meyboom 1961b) . Groundwater that enters the river in the latter part of the low flow season generally has been under the surface longer. As this water has had more time in the subsurface, it has had more time to be affected by contaminants migrating from the surface. Therefore, groundwater entering the river in the latter part of the low flow season may be of lower quality than groundwater entering the river in the early part of the low flow season (Runge et al. 1989 ).
An historic assessment of the Elbow River comparing water quality indicators between 1970 and 1999 levels showed significant increases in coliform bacteria, turbidity and total dissolved phosphorus during this time (Sosiak 1999) . A more recent study confirmed the increase in degradation of water quality (Sosiak and Dixon 2004) . Potential non-point sources of water quality degradation were reported to be septic systems, cattle grazing and wildlife.
Chloride is a tracer of sewage and manure contamination (Lockwood et al. 1995) . The main sources of chloride in rivers are sea salt (in precipitation), weathering of halite and anthropogenic inputs (Berner and Berner 1987) . Elevated chloride concentrations occur in manure-impacted groundwater (Rodvang et al. 2004) .
Chloride is also present in significant concentrations in domestic sewage (Fair et al. 1971; Runge et al. 1989) and in sewage effluent plumes in groundwater (LeBlanc 1985; DeSimone and Howes 1998) , but not typically present at concentrations above 3 mg L -1 in the Elbow River (Beers and Sosiak 1993) . Although there is relatively little data on chloride concentrations in the alluvial aquifer, they are thought to be low. In general there are low (i.e., <3 mg mL -1 ) concentrations in shallow groundwater in southern Alberta (Hydrogeological Consultants, Ltd. 2002; Rodvang et al. 2004) . Algal blooms are also potential indicators of sewage and manure contamination. Phosphorus and nitrogen concentrations are frequently very low in mountain lakes and rivers, and often limit algal growth (Wetzel 2001; Dodds et al. 2002) . When localized increases in algal biomass are observed in oligotrophic rivers such as the Elbow, this localized algal mat could indicate an increase in mass flux of these nutrients.
Nutrient fluxes in the Elbow River above the urban fringe of Calgary may be associated with land and septic systems associated with rural residential development. Bragg Creek is a small hamlet that is mainly built on the alluvial aquifer of the Elbow River. Water well surveys conducted by Alberta Environment (Alberta Environmental Protection 1976 , 1984 , the Calgary Regional Health Authority (1998; unpublished data) and students in the University of Calgary's Environmental Science Program (1999) indicate that between 10 and 15% of the hamlet's wells have fecal coliform bacteria or nitrate above drinking water quality standards. Correlations between these and other indicators suggest the wells are impacted by onsite wastewater effluent, i.e., septic system effluent. Despite the relatively severe groundwater contamination, no water quality degradation has been observed in the Elbow River as it flows through the hamlet in a number of water quality programs. This has been taken as evidence that the septic system effluent is not impacting the Elbow River water quality.
This study evaluates the fate of non-point source (NPS) parameters on Elbow River water quality between Bragg Creek Hamlet and the corporate limits of the City of Calgary, in the context of ground-surface water interaction.
Study Site
The Elbow River originates at Elbow Lake in the front range of the Canadian Rocky Mountains of southwestern Alberta (50°37'20''N; 115°00'15''W), draining a watershed of approximately 1235 km 2 (Fig. 1A) . The river extends from a forested headwater region comprised of alpine, sub-alpine, boreal foothills and aspen parkland ecoregions, to a predominantly agricultural mid-region with dispersed cattle grazing and accompanying forage production, and thereafter into an increasingly urban environment in the City of Calgary. In the southwest quadrant of the city, the river is impounded to form the Glenmore reservoir, from which the City of Calgary receives half its drinking water supply. Several kilometres downstream, the Elbow River joins with the Bow River. The Elbow River is unusual in that its major end use is drinking water.
The Hamlet of Bragg Creek, population 678 (Statistics Canada 2002), is located about halfway between the Elbow's headwaters and the Glenmore Reservoir, divid-ing the watershed into two parts. The upper watershed (above Bragg Creek) is located in the front ranges of the Rocky Mountains and upper foothills. The alluvial aquifer is of very limited extent or practically nonexistent in the upper watershed, where the Elbow is primarily a steep, fast-flowing, single-channel river with little soil cover (Hudson 1982; Beers and Sosiak 1993) . There is limited logging, seasonal cattle grazing, and oil and gas activities in the upper watershed.
The lower watershed lies in the lower foothills and prairie grasslands. The main land use is agricultural in the lower watershed, predominantly forage crop production and low-intensity grazing. Farther downstream, closer to Calgary, land use becomes increasingly urban. This study was conducted between Bragg Creek Hamlet, which is 60 km from the headwaters, and Twin Bridges, which is 90 km from the headwaters.
Mesozoic and Cenozoic sandstones and shales underlie the alluvial aquifer between Bragg Creek Hamlet and Twin Bridges (Price and Mountjoy 1969) . Surficial geology of the study area is a result of several glacial events, along with ongoing alluvial erosion and deposition (MacMillan 1987) . Hydraulic conductivity estimates from historic alluvial aquifer testing are on the order of 1 × 10 -3 m s -1 (Meyboom 1961b; Gillespie 1980).
Precipitation in the upper watershed between 1971 and 2000 averaged between 500 and 600 mm yr -1 , with 300 to 325 mm of this occurring between May and August, mostly as rainfall, while the remainder occurred mostly as snow (Alberta Government 2003) . Most of the Elbow River's discharge occurs during spring melt, with the highest cumulative monthly river discharges occurring in June (Fig. 2) . Only about 6% of the river's average annual discharge originates in the lower watershed between Bragg Creek Hamlet and Calgary (Hudson 1982) . The contribution of river water from the lower watershed is particularly low in winter months (Fig. 2) . The water that travels through the alluvial aquifer-river system at Bragg Creek is thus thought to be mainly the same water that enters the Glenmore reservoir in the City of Calgary (Meyboom 1961b) . Direct recharge from precipitation on the alluvial aquifer is thought to be negligible with respect to overall river discharge (Meyboom 1961a) given the net evapotranspiration deficit in the region. This would be particularly true in the low flow period, when precipitation tends to be lower (Meyboom 1961b) . Although negligible with respect to river discharge, this direct recharge to the alluvial aquifer is likely the means by which surface applied contaminants reach the alluvial aquifer. In the area of The Elbow River alluvial aquifer refers to the shallow, unconfined aquifer comprised mainly of gravel and sand that was deposited by river processes. The alluvial aquifer is characterized by significantly higher hydraulic conductivity (on the order 1 × 10 -3 m s -1 ) than the adjacent uplands or underlying bedrock aquifers (on the order of 1 × 10 -6 m s -1 ), resulting in relatively fast groundwater flow through the shallow aquifer (Meyboom 1961b) . Since the Elbow River alluvial aquifer is substantially more permeable than the underlying shale and sandstone bedrock, groundwater-surface water interaction is likely to be mainly confined to the wellconnected alluvial aquifer-river system. Meyboom (1961b) groundwater discharge during a normal baseflow recession. The remaining baseflow discharge was attributed to recharge to the alluvial aquifer (19%) and artesian (bedrock) leakage (8%).
Materials and Methods

Study Approach
Four monitoring wells at each site were located at Bragg Creek, 60 km from the headwaters, Redwood Meadows, 66 km from the headwaters, Camp Gardner, 71 km from the headwaters, and Glencoe Golf and Country Club, 86 km from the headwaters. Existing wells were used at Redwood Meadows and the Glencoe Golf and Country Club (Fig. 1 ). Additional groundwater monitoring wells were installed in the surficial deposits (alluvial aquifer) at Bragg Creek and Camp Gardner ( Fig. 1 ).
Installed wells were drilled with a cable tool (Bragg Creek) or a Becker hammer (Camp Gardener) drill rig.
Installations consisted of 5.1-cm outside diameter PVC pipe with one or more 2.5-cm outside diameter pipes nested alongside the larger pipe. Due to the lack of cohesion of the sediments, the sediments surrounding the well bore were permitted to collapse around the installations without the installation of any bentonite seals around the screens. The monitoring wells were installed to the bottom of the alluvial aquifer (i.e., the top of bedrock) as determined during drilling, with an average depth to bedrock of 3.78 m. There were no discernable trends along the studied reach in depth to bedrock from the ground surface or depth to bedrock in metres above sea level. (Table 1) associated with NPS effects in the Elbow River (where mass flux is calculated as the product of concentration and discharge; with units of mass per unit time) were determined. Mass fluxes of variables in the alluvial aquifer were also estimated using Darcy's Law.
In addition to chloride, electrical conductivity, sulfate, nitrate, coliform and streptococcal bacterial counts were taken to assess water quality impacts from manure and septic systems.
Groundwater Monitoring Wells
Groundwater (Sanders 1998) . Groundwater flow was not determined at Redwood Meadows due to the locations of the wells (which were located more or less linearly to groundwater flow [ Fig. 1 ] so accurate triangulations could not be made). Baseflow recession analysis was used to determine the change in alluvial aquifer storage over the study period. Stream hydrographs were used to calculate baseflow recession, by plotting stream discharge versus time on a semi-logarithmic scale and calculating the baseflow recession curve and actual groundwater discharge by the method of Meyboom (1961a) .
Field measurements of electrical conductivity (EC), dissolved oxygen (DO), temperature and pH were taken using a flow-through cell (Sanders 1998) . Water was pumped out of the wells into a flow-through cell at the surface, which was instrumented with a thermometer, pH meter, DO meter and EC meter. Water was pumped through the cells until readings stabilized, and the stabilized readings were used as the measurements (Puls and Barcelona 1996) .
Water samples for ion chromatography and membrane filtration were stored and analyzed according to standard methods (American Public Health Association 1998). Chloride, nitrate and sulfate were analyzed on a Dionex DX-120 ion chromatograph (Dionex Corporation, Sunnyvale, Calif.). Detection limits were 0.2 mg L -1 for chloride, 0.2 mg L -1 for nitrate and 4 mg L -1 for sulfate. Uncertainty was calculated to be 4% for chloride, 8% for nitrate and 5% for sulfate using the propagation of uncertainty technique (Harris 1999). The relatively high uncertainty is due to the low concentration ranges in the river. Where results were below detection limits a concentration of half the detection limit was assumed. Total coliform, fecal coliform and fecal streptococci were analyzed by membrane filtration; detection limits were 1 colony-forming unit per 100 mL.
Estimating Groundwater Mass Flux and Storage
The average groundwater chloride mass flux at each monitoring well site was estimated by multiplying the estimated groundwater discharge by the chloride concentrations at each site. Groundwater discharge was estimated using Darcy's Law. The Kavg (m s -1 ) is the hydraulic conductivity of the alluvial aquifer as an average of estimates from slug and bail tests of all monitoring wells (Bouwer and Rice 1976). To determine if seasonal changes in groundwater storage affected river chloride mass flux, estimates of the volume of groundwater stored in the alluvial aquifer as bank storage (referred to below as 'groundwater storage') were made using baseflow recession analysis (Meyboom 1961b).
Elbow River Study
Elbow River water quality sampling and gauging was conducted at nine sites (Fig. 1B) , which were selected to include locations up-and down-gradient of places where the alluvial aquifer was constricted by bedrock, as determined by aerial photographs and a geographic information system (GIS). Differential stream gauging can be used to locate river reaches where groundwater is discharging into the river (Cey et al. 1998) . River discharge over a one-or two-day period was estimated using the velocity-area method (Rantz et al. 1982) in April 2003 , October 2003 and April 2004 to determine longitudinal flow profiles. Each time these discharge measurements were taken was considered one seepage run. Chloride concentrations were also measured during each seepage run.
During the April 2004 seepage run, velocity area discharge estimates and chloride sampling transects were conducted approximately 1 km apart on the 5 km stretch on either side of the most prominent bedrock constriction (77 km from the headwaters). Lateral variability of chloride concentrations, referred to as coefficient of variation, was used as a measure of the variability of chloride concentrations across the river at a given sampling transect (perpendicular to stream flow) and was determined by dividing the transect standard deviation of chloride concentrations by the mean chloride concentration in the same transect (Mason et al. 1991) . Lateral variability could be caused by the discharge of chloride-rich groundwater into the river, with too little flow distance for complete mixing in the river.
During the seepage runs, river water samples at each sampling site were grabbed from at least three locations; right bank, left bank and centre of the channel. The samples were composited and analyzed for the same indicator parameters as groundwater samples, using the analytical methods described above. Field measurements were conducted in-stream, where probes were immersed in the middle of the channel and allowed to stabilize. In the winter months, if the river channel was partially ice covered, only one sample was taken from the accessible side of the river using a river water sampling stick (basically a bottle attached to the end of a pole). Sampling was conducted during low discharge conditions, when: (i) the highest riverine concentrations afforded better analytical accuracy, and (ii) the discharge of groundwater showing impacts of land use on the alluvial aquifer into the river was most likely to occur.
To determine whether significant variability in chloride concentration across the river channel existed, additional samples were taken at each river sampling location and analyzed individually during the spring 2004 river seepage run.
Observation of River Algal Blooms
During river sampling, areas of intense algal growth in the Elbow River and its tributaries were recorded with GPS (geographical position system) and transferred to a GIS.
Results and Discussion
Groundwater
During 2002 to 2004 the mean change in groundwater level in all monitoring wells was 52 cm, with a maximum change of 145 cm and a minimum change of 16 cm. Changes in groundwater flow directions during low and high river discharge during this period were observed at Bragg Creek, Camp Gardener and Glencoe (Fig. 4) . During both high and low river discharge periods, groundwater flows at Bragg Creek, Camp Gardner and Glencoe are predominantly sub-parallel to the river. Shifts in flow direction occurred between high and low river discharge periods (Fig. 4A, 4B, 4C) . The largest measurable shift in flow direction was about 30°, occurring at Camp Gardener (Fig. 4B) . Shifts in groundwater flow direction could not be accurately determined at Redwood Meadows because the wells were located more or less linearly to groundwater flow (i.e., there was poor triangulation). These wells are not shown on Fig. 4 .
In general, groundwater quality is the poorest (with elevated electrical conductivity, chloride, nitrate and coliform bacteria) in the monitoring wells located closest to Bragg Creek Hamlet, and improves with distance downgradient (Table 1) . Apportioning chloride contributions from various land use activities (i.e., septic systems, manure or road deicing) has been effective in determining potential impacts on water quality (Runge et al. 1989 ). Salts such as Cl -, Na + and K + are associated with both agricultural and human wastes (American Society of Agricultural Engineers 1999; Tchobanoglous et al. 2002) , and chloride in particular is a good conservative tracer (Lockwood et al. 1995; Triska et al. 1989) . Given the similar discharge in the lower watershed (or the lack of flow contribution from the uplands) during low discharge conditions, any increases of chloride mass flux in the river are thought to be mainly from anthropogenic sources located on the alluvial aquifer.
When river and groundwater samples are represented on a Piper plot, a two end-member mixing line is evident (particularly in cations) between river water and sewage composition (Fig. 5) . Bragg Creek and Redwood Meadows groundwater plot closer to typical wastewater compositions as represented by an average of literature values and the composition of effluent from Calgary's largest wastewater treatment plant (Bonnybrook), while groundwater from Camp Gardner plots much closer to the river composition.
After Bragg Creek, the monitoring wells at Redwood Meadows exhibit the next highest degree of impact (Table 1) . Redwood Meadows pumps wastewater out of the Elbow River watershed. Therefore it is likely, with the groundwater flow directions sub-parallel to the river, that effluent from Bragg Creek septic systems travels in the subsurface with groundwater, and is (Table 1) , which is a significant increase downgradient (P < 0.0001). The ratio of SO4 -to Cl -also changes significantly downgradient (P < 0.0001), suggesting Cl -is anthropogenic in origin while the increase in SO4 -is geologic in origin. It is possible, given the slight increase in the SO4 -to Cl -ratio between Bragg Creek and Redwood Meadows, that leaking sewer pipes contribute some anthropogenic Cl -to the groundwater, but the increase was not significantly different from Bragg Creek. Monitoring well distance from the closest surface water channel had no correlation with contaminant levels, suggesting that groundwater mixing occurs throughout the alluvial aquifer. The estimated mass flux of groundwater chloride in the alluvial aquifer groundwater immediately downgradient of the Hamlet of Bragg Creek was 53 ± 18 kg day -1 (Table 2 ). This is larger than the estimated wastewater chloride mass flux of 20 kg day -1 for an estimated hamlet population of 678 people (Statistics Canada 2002) using an average of 450 L capita day -1 and producing wastewater with a typical chloride concentration of 65 mg L -1 (Crites and Tchobanoglous 1998). One of the Camp Gardener monitoring wells (CG-4) exhibited consistently higher chloride and more variable electrical conductivity (Table 2 ) than other wells at Camp Gardner, suggesting localized impact to groundwater, possibly from Bragg Creek Hamlet or more local septic effluent sources or cattle grazing directly upgradient of the well.
Change in groundwater storage affects groundwatersurface water exchange dynamics. Baseflow after the relatively low 2003 June flood was associated with an average water table drop between from the 2002-03 to 2003-04 season of 8 cm (σ = 11 cm). Seasonal change in aquifer storage was estimated using baseflow recession analysis (Table 4) . Using discharge data from Bragg Creek (Station 05BJ004) and Sarcee Bridge (Station 05BJ010) gauging stations, the relative groundwater storage (i.e., the amount of water stored in the alluvial aquifer between the two stations during the spring flood period) was 20 × Redwood Meadows display a shift toward waters characteristic of sewage wastewater. Sewage points marked "Calgary" are from the influent for the City of Calgary's largest wastewater treatment plant (unpublished data), and "Average" is an average value compiled from published septic effluent values (Robertson et al. 1991; Crites and Tchobanoglous 1998; Ptacek 1998; Kim et al. 2002) . a An average value for the hydraulic conductivity of the alluvial aquifer of 5 × 10 -3 ms -1 (standard deviation = 8.2 × 10 -4 , 33% error) was estimated from piezometer tests conducted on 15 monitoring wells installed on the alluvial aquifer and used for all locations. Hydraulic gradients are based on groundwater level monitoring. Estimated cross-sectional area of alluvial aquifer based on water well records (for depth) and airphoto interpretation (for width) at each location. Chloride concentrations based on groundwater sampling. , n = 102). With groundwater levels lower than the stream stage the river was less likely to receive NPS contaminants from groundwater during 2003-04. The 2002-03 sampling year was thus likely a better year to evaluate the influence of NPS contaminants on the river and is considered below.
Elbow River and its Tributaries
Non-point source effects on the Elbow River were evaluated using data collected between September 2002 and April 2003, as this time period was thought to capture the best snapshot of NPS effects. A summary of water quality parameters from sampling of the Elbow River and its tributaries (Table 4) illustrates that the highest riverine electrical conductivity was observed at Km 78. There is a significant (confidence interval of 95%) increase in riverine chloride mass loading between Km 58 and 78 (Fig. 6) . The alluvial aquifer constricts to its narrowest point in the study area at about Km 77, just 760 m upstream of the downgradient sampling point. Pirmez Creek, which originates at a contact spring at the edge of the alluvial aquifer (i.e., at the contact between the uplands and underlying sandstone and shale bedrock) also occurs just upstream of the bedrock constriction. It is possible this bedrock exhibits morphological control on Pirmez Creek and alluvial aquifer groundwater discharge.
The significant change in river chloride mass flux about 20 km downstream of Bragg Creek Hamlet (Fig. 5) is likely due to a combination of land use activities. A chloride mass balance, apportioning chloride sources in the study area, suggests that the most significant NPS chloride contribution to the Elbow River is due to cattle grazing on the alluvial aquifer (Vandenberg et al., unpublished data) .
Over the river reach studied (between Km 58 and Km 86), nitrate and sulfate concentrations showed no significant trends (Fig. 6) , quite possibly because they are not conservative in rivers (Wetzel 2001) . Chloride is conservative, and its mass flux increased by an estimated 640 kg day -1 from Km 58 to Km 86 (Fig. 6) . The tributaries in this reach contributed an estimated average of 330 kg day -1 , about half the total increase (Bragg Creek = 53 kg day -1 , Pirmez Creek = 230 kg day -1 and Millburn Creek = 51 kg day -1 ). Therefore an estimated 320 kg day -1 , or about half the mass loading of chloride into the Elbow River within the study area, is thought to be due to NPS sources transported to the river via groundwater. The significant bedrock constraint likely causes chloriderich groundwater to outcrop into Pirmez Creek and the Elbow River causing a net increase in chloride in the Elbow River around this location.
Total coliform counts for this reach remained relatively consistent over the study area (Table 4) , however fecal coliform (FC) and fecal streptococci (FS), which correlate with each other (r 2 = 0.86), increased slightly from 8.9 to 9.8 CFU day -1 between Km 76 and Km 78 8.34 n.a., 2 n.a., 1 n.a., 2 n.a., 2 n.a., 2 n.a., 2 n.a., 1 n.a., 1 ( Table 4 ). Concentrations of FC and FS in Pirmez Creek (Km 77) were an order of magnitude higher than those in the Elbow River above Pirmez Creek (Table 4) . With the large contribution of chloride mass flux to the river, Pirmez Creek is a likely source for increased bacterial loading to the river as well. For the current study, river discharge measurements did not exceed error limits of the velocity-area method, which were estimated to be about 6% of Elbow River discharge, from repeated (minimum n = 3) stream gauging at each river gauging location. The combination of stream gauging and water quality sampling allows for more accurate mass flux calculations and should be performed in NPS studies.
Significant lateral gradients in chloride concentration were observed in the river water at some transects during the spring 2004 river sampling events. An increase in the variability of chloride concentrations in single sampling transects five kilometres on either side of the bedrock constriction was observed (Fig. 7) . The coefficient of variation in the chloride concentration measured in a single transect changed from about 30% at upstream sample sites to a peak of 72% at Km 76 back to 30% by Km 90. The variable chloride concentrations may be due to the outcropping of chloride-rich groundwater discharge in the vicinity of the bedrock constriction and subsequent meanders. Full mixing of chloride across the river channel is apparently not reached until Km 90.
Spatial distribution of algal biomass observed in the Elbow River changed from season to season. This longitudinal shift in location of algae may indicate seasonal variability in location of nutrient-rich groundwater discharge to the river. During sampling localized algal mats tended to be observed at the mouths of groundwater seeps and in secondary channels where groundwater discharge to the river is likely. Locations of high algal biomass corresponded with areas of high chloride concentration coefficient of variation percentages (Fig. 7) . The largest observation of algal growth was on the south side of the river, in the vicinity of the bedrock constriction (Km 77). This supports the idea that this geomorphological constriction is causing groundwater outcropping.
Conclusions
The groundwater flow direction in the Elbow River alluvial aquifer is generally sub-parallel to the river. However, groundwater flows at Camp Gardener varied by as much as 30°seasonally. Significant groundwater-surface water interaction occurs between the Elbow River and its alluvial aquifer as indicated by fluctuations in groundwater flow direction and baseflow recession analysis. This interaction creates a situation where land use over the alluvial aquifer that impacts groundwater quality can also impact river water quality.
Effluent from Bragg Creek septic systems travels in the subsurface with groundwater, flowing predominantly sub-parallel to the river for distances of 5 to 12 km. Groundwater in the alluvial aquifer immediately downgradient of Bragg Creek shows evidence of septic effluent impact. The strongest groundwater impacts of septic system effluent were observed in the wells closest to the Bragg Creek Hamlet.
A chloride mass balance indicated that a significant increase in chloride mass flux occurred in the river 20 km downgradient of Bragg Creek Hamlet (Km 78) in 2002 to 2003. This is likely caused by the bedrock outcrop that constricts the alluvial aquifer locally about 760 m before Km 78. The mouth of Pirmez Creek is located just upstream of the bedrock constriction and the mass loading of chloride from Pirmez Creek is significant, accounting for over 35% of the total mass loading in the study area.
Lateral transect sampling across the river indicated chloride concentrations in river transects tended to be more variable for about five kilometres on either side of the most significant bedrock constriction which occurred at Km 77. This supports the idea that this alluvial aquifer constriction from the bedrock outcropping exhibits significant control on surface and ground water mixing and therefore on NPS migration into the Elbow River.
Estimated chloride mass flux from the Bragg Creek Hamlet onsite wastewater systems was 53 kg day -1 of chloride from 2002 to 2004 low discharge sampling. This is less than 10% of the estimated chloride mass flux increase observed in the Elbow River within the study area. Note that the groundwater mass flux estimates are based on Darcy's Law, and hydraulic conductivity values can vary by an order of magnitude even in homogeneous aquifers (Freeze and Cherry 1979) . However, this estimate is reasonably similar to the chloride mass flux estimate of 20 kg day -1 based on literature values of wastewater chloride concentration, water consumption and the hamlet's population. This suggests other more substantial sources of chloride mass loading are present on the alluvial aquifer of the lower watershed. Geological sources, cattle grazing on the alluvial aquifer, road salting, golf course fertilizer use and wildlife are potential candidates.
Trends in other septic system-related indicators, e.g., nitrate and total coliform mass fluxes, do not correspond with the chloride mass flux trends. This is likely because they are not conservative in groundwater or river water.
River water quality investigations into NPS impacts should consider more than surface water quality indicators. Both strategic groundwater instrumentation to assess groundwater flow and mass fluxes, and topographical relationships between the river channel and the alluvial aquifer should be employed in NPS river water quality impact studies. River sampling periods designed to assess non-point sources of river water quality degradation should also be carefully selected in the context of seasonal bank storage periods, baseflow recession and changes in groundwater storage in alluvial aquifers.
This study suggests that limiting land uses on the Elbow River alluvial aquifer that can impact the underlying groundwater would help to maintain the high quality of this drinking water supply. 
